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Introduction

During the last two years it has become obvious to me that the textbook content we use to teach the cause of
metabolic acidosis in exercise physiology isincorrect. Thisrealization led to the content of presentations that
myself or my Ph.D. students have given in the last two ASEP national meetings. In addition, recent interactions

with Will Hopkins on this topic motivated me to write the manuscript that was recently published in

Sportscience [vww.spor tsci.or g/j our /0102/r ar .htm] (1).

Based on feedback from colleagues via email, and from the recent ASEP national meeting in Memphis,
there is understandable concern over how to teach the “correct” explanation of exercise-induced acidosis
without relying on advanced biochemistry and organic chemistry. Consequently, the purpose of this manuscript
isto provide recommendations on how to teach exercise-induced metabolic acidosis. In this manuscript |
provide figure resources that can be used to supplement/correct textbook material. | also provide figures and
explanations that differ in complexity so that you can differentiate |ecture material between entry-level students,
the more advanced undergraduate student, and graduate students. Y ou can use these figures by copying and

saving them for use in your own lecture material. In addition, at the end of the manuscript are linksto all the


mailto:rrobergs@unm.edu
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components of the figures, thereby providing you with the flexibility to use only the more basic versions for
lower level undergraduates, and more complex versions for more advanced students.
The Current Explanation of Metabolic Acidosis

Astextbook material presents an explanation of acidosis that isincorrect and obviously not based on
biochemical fact, it isimportant to first inform the students of thisfact. After stating this, | explain that the
textbook approach to thistopic has along history in pure and applied physiology and biochemistry, and can be
dated back to the 18" century when lactic acid was first discovered (2). During the early 20™ century, added
research showed that |actic acid was produced during conditions of low oxygen content (hypoxia), and that
muscle contraction also became impaired (3). This research led to the assumption that lactic acid production
caused decreases in cellular and blood pH, which in turn caused the symptoms of muscle and body fatigue
during intense exercise. This evidence was not cause-and-affect, but rather guilt by association. Lactic acid
was shown to increase when pH decreased, and fatigue followed. No evidence existed that proved that the
acidic form of lactate (lactic acid) was produced, or that protons released from lactic acid caused the acidosis.
At this time there was no knowledge of how acids and bases interacted chemically, and therefore, no reason to

distinguish between an acid and an acid salt (Figure 1).
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Figure 1. Structural differencesbetween a carboxylic acid and the salt of the acid
(when thereisno proton on the acid functional group).

It was not until the work of Henderson and Hasselbach that chemists realized that acids release protons,
that the proton concentration quantified acidosis, that the propensity for the release of a proton from an acid was
specific to agiven acid, and that these qualities can be quantified. Based on the work of Henderson and

Hasselbach, we now refer to the pH at which an acid releases protons, equivalent to a proton release from half



of the molecules, asthe pK. Thelower the pK, the greater the release of protons for a given pH above the pK,
and the stronger the acid. For example, an acid with apK of 3 exposed to acellular pH of 7 will have protons
released from almost all of the acid molecules. If these protons are not buffered or removed from the cell, cell
pH will decrease (increased [H']), causing acidosis. Figure 1 illustrates the proton release from an acid, and
differentiates between an acid and an acid that has lost the proton (acid salt).

The current explanation of exercise-induced acidosis is based on the production of lactic acid, which,
dueto alow pK (3.86), immediately dissociates to lactate (La) and a proton (H"), as depicted in Figure 2. To
maintain charge neutrality, the lactate ion interacts with a positively charged ion (cation); typically sodium
forming sodium lactate (Na'La). Thisinterpretation resultsin the logical belief that in-vivo the net result from
the production of lactic acid is sodium lactate and the release of aproton. A generic chemical equation used to
support this explanation is presented in Figure 3, along with extensions of this biochemistry to bicarbonate
buffering, and stimulation to ventilation causing the ventilation threshold to coincide reasonably close to the

|actate threshold.
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Figure 2: Thetheoretical ionization of lactic acid to sodium lactate

Na" + LacticAcid-H -«— Na'Lactate + H*

HY + HCOy --=—> H2CO3<—>H20 + COy

|
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Figure 3: Thetheoretical biochemical connections between lactic acid production,
bicarbonate buffering, the generation of non-metabolic CO,, and increased chemical
(H* and CO,) stimulation to ventilation.



Once this content is presented, it must be reiterated that there is no scientific evidence for explaining
acidosis by the production of lactate. Furthermore, it isimportant to express that several scientists have
guestioned the explanation of acidosis caused by lactate production (4-10), and that an alternate explanation of
acidosisis therefore supported by numerous academics and scientists. In short, you are not alone in wanting to
provide another, more correct, explanation of the biochemical causes of acidosis.

Finally, it should also be stressed that the assumption that acidosis is caused by the production of
metabolic acids iswrong. Acids are one source of free protons, but free protons can also be released by
chemical reactions. Thus, it is possible to have chemical reactions contribute to acidosis without producing any
acids at all!

Explaining the Cause of Acidosis During Exercise

Once the more traditional explanation of acidosisis given, there obviously needs to be a convincing
explanation of the true causes of acidosis. Due to the lack of any textbook material to help you do this, the
content that followsis vital to your lecture material.

Why Lactate Production Does Not Produce Protons

| think a good place to start isto explain why it isimpossible for |actate production to release a proton.
Thisisreally quite easy to do, and involves the presentation of one reaction; the phosphoglycerate kinase (PGK)
reaction (Figure 4). The PGK reaction is the second reaction of phase 2 of glycolysis, and isthefirst “acid
producing” reaction of glycolysis. | use quotation marksin this labeling, for as you can see, the product of this
reaction, 3 phosphoglycerate, is produced as an acid salt and therefore is never in an acid form that releases a

proton.
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Figure 4: The phosphoglycerate kinase reaction of phase 2 of glycolysis. Note that the phosphate on thefirst carbon of 1,3
bisphosphoglycerateis not associated with a proton, and that the phosphate transfer to ADP occur s without a proton being
involved.

| think it is necessary to teach even the lower-level exercise physiology student the details of the PGK
reaction. It isimportant to communicate the fact that if 3 phosphoglycerate isformed devoid of a proton, then
every other carboxylic acid intermediate of glycolysisthat followsisalso an acid salt. We need to expect that
our students understand this. If they do, then it is common sense to extend these facts into the impossibility for
lactate production to release a proton, as there is no proton to release!
The lactate dehydrogenase (LDH) reaction can then be presented in anew way (Figure5). The LDH
reaction is necessary to regenerate NAD", aswell as consume a proton. As such, lactate production retards, not

contributes to acidosis (Figure 6).
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Figure5: Thelactate dehydrogenase (LDH) reaction. Notethat pyruvateisreduced by NADH plus an added
proton. Lactate production consumes, not produces a proton.



1,3 bisphosphoglycerate + NAD'® + ADP=

|

3 phosphoglycerate + NADH + H' + ATP

|

|
L

Pyruvate + NADH + H' -<«—>» Lactate + NAD"
LDH

Figure 6: Lactate production uses a proton released from glycolysis and regener ates cytosolic NAD".

Where do the protons come from?

If lactate production does not release protons and eventually cause acidosis, where do the protons come
from? | recommend stating the two main sources of protons during catabolism; glycolysisand ATP hydrolysis.
These sources of protons can then be explained.

Glycolysis

The details of the chemical reactions of glycolysis have been known for decades. Stryer (11) has

summarized these best in his textbook of biochemistry. | have presented this material in table 1, and added

color to identify protons consumed and produced.



Table 1: Thereactionsof glycolysis, including the lactate dehydr ogenase (L DH) reaction and a tally for ATP
and protons (H").

Reaction Enzyme ATP | HY
Glycolysis Phase 1
1 x 6 carbon intermediates
Glucose + ATP « Glucose 6-phosphate + ADP+ | Hexokinase -1 1
H+
Glucose 6-phosphate ~ Fructose 6-phosphate Phosphoglucose isomerase
Fructose 6-phosphate + ATP - Fructose 1,6- Phosphofructokinase -1 1
bisphosphate + ADP + H*
Fructose 1,6-bisphosphate —~ dihydroxyacetone Aldolase
phosphate + glyceral dehyde 3-phosphate
2 x 3 carbon intermediates (ATP and H* tally numbers are based on doubling the reactions)
dihydroxyacetone phosphate - glyceraldehyde 3- | Triose phosphate
phosphate isomerase
Glycolysis Phase 2
glyceraldehyde 3-phosphate + Pi + NAD" « 1,3 Glyceraldehyde 3- 2
bisphosphoglycerate + NADH + H” phosphate dehydrogenase
1,3 bisphosphoglycerate + ADP « 3- Phosphoglycerate kinase 2
phosphoglycerate + ATP
3-phosphoglycerate — 2-phosphoglycerate Phosphoglyceromutase
2-phosphoglycerate —~ Phosphoenolpyruvate + Enolase
H,O
Phosphoenolpyruvate + ADP + H* « Pyruvate + Pyruvate kinase 2 -2
ATP
ATPandH" tally | 2 2
LDH Reaction
Pyruvate + NADH + H* «. Lactate + NAD" Pyruvate kinase -2
ATPandH" tally | 2 0
Adapted from Stryer (1988)

When evaluating the balance of the reactions of glycolysis, it is clear that glycolysis produces two
protons for the production of 2 pyruvate molecules. When adding the LDH reaction, the production of two
|actate molecules consumes these protons, resulting in no net proton release (Figure 7). Clearly, lactate

production during intense exercise isimportant to retard an increasing rate of proton release due to an increased



flux of substrate through glycolysis. However, thereis still a source of protons that must contribute to acidosis.

Wheat is this source?

glucose + 2 ADP + 2 Pi + 2NAD" <—— 2pyruvate+ 2NADH + 2 H"
2 pyruvate + 2 NADH + 2 H" <«——> 2lactate + 2 NAD"

balanced equation
glucose + 2 ADP + 2 Pi + 2NAD" <= 2lactate+ 2NAD" + 2ATP+2H,0

+2ATP+2H,0

Figure 7: Thenet products from glucose oxidation to pyruvate and subsequent reduction to lactate. Notethat lactate
production consumesthe proton release from glycolysis.

ATP Hydrolysis

The chemistry of ATP hydrolysisis crucial to understanding acidosis. Every time an ATP moleculeis
converted to ADP and Pi, awater molecule is needed to provide a hydroxyl group and added electron to the
terminal phosphate, forming inorganic phosphate (HPO4?) (Figure 8). The remaining proton is released into

solution at physiological pH due to the acidic pK (6.82) of the relevant oxygen of the terminal phosphate of

ADP.
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Figure 8: a) The biochemistry of ATP hydrolysis, and b) the pK characteristics of inor ganic phosphate (Pi).



However, your students' may question the importance of this reaction, as ATP hydrolysis occurs
continuously inside a cell, and during low to moderate exercise intensities there is no acidosis despite
dramatically increased rates of ATP hydrolysis and minimal lactate production. Although this observation is
correct, there is no net proton accumulation as protons from ATP hydrolysis are transported into the
mitochondria. Furthermore, the protons from glycolysis (which are minimal during low intensity exercise due
to the predominance of lipid oxidation) are involved in the shuttling of electrons from cytosolic NADH in to the
mitochondria. Thus, during steady state conditions, proton balance in the cytosol is maintained by a near total

dependence on mitochondrial respiration for ATP regeneration (Figure 9).
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Figure 9: A summary of the exchange of protons, NADH and NAD" between glycolysis and the mitochondria. Notethat this
depiction does not account for the double reactions of phase 2 of glycolysis, and is designed to show the proton (H)
interactions between the sar colemma, cytosol and mitochondria.
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As soon as non-steady state conditions prevail in contracting skeletal muscle, thereisadeficiency in
how mitochondria are consuming protons, as well as regenerating ATP. Thus, thereis an increased need for
cytosolic ATP to be regenerated from glycolysis, and a resulting accumulation of NADH and protons. Thus,
acidosis coincides with non-steady state exercise conditions, which aso coincide with increased lactate
production due to the need to regenerate cytosolic NAD" (maintain cytosolic redox; NAD*/NADH) and
continue phase 2 of glycolysis.

What About Glycogenolysis and an I ncreased Glycolytic Dependence on Glycogenolysis?

During increasing exercise intensity there is an increased dependence on glucose-6-phosphate
production from glycogenolysis. Glycogenolysis does not involve the release of a proton as inorganic
phosphate, rather than ATP (see hexokinase reaction), is used to phosphorylate a glucose residue to glucose-1-
phosphate (Figure 10). However, due to the absence of the ATP cost to phosphorylate glucose, when glycolysis
is fueled by muscle glycogen thereisanet of 3 ATP regenerated. Thus, during these conditions, glycolysis
would yield 1 net proton to produce 2 pyruvate, 2 lactate would account for 2 protons consumed, and hydrolysis
of the three ATP would result in 3 protons released. The proton balance of these eventsis till 2 lactate + 2
protons. Consequently, an increasing glycolytic dependence on muscle glycogen does not change the net

proton and lactate release from glycolysis and associated ATP hydrolysis.
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Figure 10: The phosphorylase reaction, which revealsthat no proton isreleased during the for mation of glucose-1-phosphate.
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Thisislikely to be more than enough material for the lower level undergraduate student. However,
added reactions that involve proton release or consumption occur during catabolism in skeletal muscle during
moderate to intense exercise, and | have detailed these reactions elsewhere (1). This added biochemical
information is recommended content to present to more advanced students.

Added Material For the Advanced Student

For advanced courses/students in exercise physiology, it is recommendable to present amore

comprehensive coverage of the reactions that influence cytosolic pH. The reactions of the phosphagen system

and carbohydrate catabolism that influence proton balance are presented in table 2.

Table 2: Reactions of the phosphagen system and glycolysisthat influence cellular pH.

Reaction Enzyme Capacity*
-‘ve +'ve
Phosphagen System
*ATP « ADP+Pi +H" ATPase 70
Creatine phosphate + ADP+ H" « Creatine + Creatine Kinase 20
ATP
AMP+H" « IMP+ NH, AMP deaminase 3
Glycolysis
Glucose + ATP « Glucose 6-phosphate + ADP+ | Hexokinase 65
a*
Fructose 6-phosphate + ATP - Fructose 1,6- Phosphofructokinase 65
bisphosphate + ADP + H*
Glyceradehyde 3-phosphate + Pi + NAD" . 1,3 | Glyceraldehyde 3- 130
bisphosphoglycerate + NADH + H” phosphate dehydrogenase
Phosphoenolpyruvate + ADP+ H' « Pyruvate+ | Pyruvate kinase 130
ATP
L actate Dehydrogenase
Pyruvate + NADH + H" « Lactate + NAD" Lactate Dehydrogenase 30
Proton Tally | 183 | 330

* Capacity isindicated as a total relative molar amount (mmol/kg wet wt) of protonsbased on 3 min of
intense exercise to fatigue.

# An estimate of anaerobic ATP hydrolysis based on resear ch of the accumulated oxygen deficit (12-15)
These calculations do not adjusted for accumulations of pyruvate and acetyl-car nitine, or additional
intermediates of carbohydrate oxidation (cytosolic or mitochondrial).
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The data of table 2 reveal s that research evidence indicates that muscle proton release amost doubles
that of proton consumption during intense exercise. Lactate production is clearly shown to be non-
stoichiometric to proton release, with glycolysis (130 mmol/kg/3 min) and then ATP hydrolysis that occursin
excess of mitochondrial respiration (70 mmol/kg/3 min) the source of protons.

| have detailed the biochemistry of the reactions of table 2 elsewhere (1), and all figures are provided in

the resource appendix to this manuscript. A summary illustration of these reactionsis presented in Figure 11.

20+ DATP=— 2P + 2A0F + 2H+-—‘
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1
2 lactate + 2 NADT

Figure 11: A schematic of the proton consuming and r eleasing reactions of the phosphagen system and glycolysis.

When pyruvate accumulates in the cytosol or mitochondria, or carbon molecules from pyruvate
accumulate in the mitochondria as acetyl groups (eg. acetyl carnitine), there is a decrease in the protons
consumed by the LDH reaction or mitochondria compared to the proton release. This resultsin an increased net

proton release. Once again, it is very important to stress that when the cellular ATP demand exceeds ATP
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supply from mitochondrial respiration, glycolytic flux increases, and there is potential to exceed the capacity of
the LDH reaction. When this happens, net proton release increases, the buffer capacity of the cell is eventually
taxed, the capacity of lactate and proton efflux from the cell is exceeded, and cellular proton accumulation
(cellular acidosis) occurs.

Unlike the textbook content on this issue, lactate production is necessary to retard the release of protons, and
in fact aid the removal of protons from the cell. Therefore, lactate can be summarized to be beneficial for the
following reasons,

1) Lactate production consumes protons.

2) Lactate regenerates NAD" for phase 2 of glycolysis, thereby enabling continued ATP regeneration from

glycolysis.

3) Lactate aids the transport of protons from the cell via the monocarboxylate lactate-proton transporter,

further retarding cellular acidosis.

Finally, the more advanced student should be able to grasp the concept and influence of an altered motor
unit recruitment on muscle metabolism, and whole body measurements of acidosis and metabolism. It is
common knowledge that another factor coincident with the onset of acidosis is an increased dependence on fast
twitch motor unit recruitment (16). From atheoretical basis, this atered motor unit recruitment profileis
extremely important as a contributor to indices of muscle and whole body acidosis. Fast twitch muscle has less
mitochondrial density compared to slow twitch muscle, and therefore, will rely more on glycolytic flux for ATP
regeneration. Having less mitochondria means that fast twitch muscle will accumulate more NADH and
protons due to the low capacity for proton transport into the mitochondria. Although additional lactate
production occurs in fast twitch muscle, the capacity of this consumption of protonsis limited by enzyme
kinetics and thermodynamics combined with the saturatable kinetics of the |actate-proton transporter system.
Argumentsin Favor of a Lactic Acidosis

Despite the unquestionable biochemistry of metabolic acidosis, | am still challenged on such a biochemical

based explanation of metabolic acidosis. These criticisms are based on one of two opinions:
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1) Whenthecell isreliant on glycolysis, you get two lactate and 2 protons from the hydrolysis of the ATP

fromglycolysis. Thus, the net result islactic acid.

Obvioudly the biochemistry reveals that regardless of the net result, the cause of the free proton release is
not lactate production. In short, the answer is as ssimple asthat. However, to reinforce the danger of such
reductionist thinking, | state the following.

The glycolysis, lactate and ATP hydrolysis balance is only relevant when the following conditions are met;

a) all pyruvate that is not completely oxidized within the mitochondriais converted to lactate,

b) cellular ATP concentrations do not decrease,

¢) no other reactions influence cellular proton release or consumption, and

d) attempts to balance proton release and consumption during intense exercise reveals a net proton release

that far exceeds lactate production. Thereis no stiochiometry between lactate production and proton
release.

We know that each of these requirements are not meet during intense exercise. Pyruvate can accumulatein
the cytosol and blood, and carbons from pyruvate accumulate within the mitochondria as acetyl-carnitine. Such
combined accumulation can amount to as much as 10 mmol/kg wet wt, causing an equimolar amount of added
net proton release (due to the decrease in proton removal/consumption from lactate production and
mitochondrial respiration). Cellular ATP decreases from approximately 8 to 5-6 mmol/kg wet wt during intense
exercise to volitional fatigue (13,15).

Finally, we know that each of the creatine kinase and AMP deaminase reactions consume protons.
Ironically, the net sum of the creatine phosphate converted to creatine, and the AMP converted to IMP
approximates the lactate produced. This balance would theoretically, according to the reductionist argument
stated above, minimize net free proton release. However, acidosis does develop. Therefore, it isno surprise to
estimate that proton release far exceeds lactate production in skeletal muscle (1) (table 2), and thereis no

rational argument to retain a“lactic acidosis’ depiction of cellular metabolic acidosis.
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2) For cellssuch asthered blood cell, glycolysisis the only metabolic pathway that regenerates ATP, but

the red blood cell does not become acidotic, or is believed to contribute to blood acidosis.

| was challenged with this response by a biochemist when in Australia during my sabbatical. | wasinitially
stumped by this question, but 5 minutes after my talk, the answer was obvious!

The red blood cell is probably the most highly buffered cell in the body, is bathed in a buffered solution
(blood plasma), and has a metabolic rate that is extremely small compared to contracting skeletal muscle.
Furthermore, the buffer potential of the red blood cell and blood is “recharged” during pulmonary ventilation.
In any event, the net proton release form red blood cellsis so small that the red blood cell isamajor buffer
agent to protons rel eased from more metabolically active cells (eg. contracting skeletal muscle). Thereisno
substance to this argument!

| hope you find that this depiction of metabolic acidosisis helpful to you, and that you can use the
recommendations and resources provided to update textbook content on this topic, thereby improving the

accuracy of your lectures to your students.

References

1. Robergs, R.A. (2001) The biochemistry of metabolic acidosis. Where do the protons come from?
Sportscience 5(2), Wwww.sportsci.org/jour/0102/rar.htm|

2. Holten, C.H. (1971) Lactic acid: Properties and chemistry of lactic acid and derivatives. Verlag Chemie,
Copenhagen.

3. Lusk, G. (1928) The elements of the science of nutrition. W.B. Saunders, Philadel phia.
4. Busa, W.B, Nuccitelli, R. (1984). Metabolic regulation viaintracellular pH. Am JPhysiol 246: R409-R438

5. Dennis, S.C., Gevers, W., Opie, L.H. (1991). Protonsinischemia: Where do they come from; where do
they go to? JMaol Cell Cardiol 23: 1077-1086

6. Gevers, W. (1977). Generation of protons by metabolic processesin heart cells. JMol Cell Cardiol 9: 867-
874

7. Gevers, W. (1979). Generation of protons by metabolic processes other than glycolysisin muscle cells: a
critical view [letter to the editor]. JMol Cell Cardiol 11: 328


http://www.sportsci.org/jour/0102/rar.htm

16

8. Hochachka, P.W., Mommsen, T.P. (1983). Protons and anaerobiosis. Science 219: 1391-1397

9. Noakes, T.D. (1997). Challenging beliefs: ex Africa semper aliquid novi. Med Sci Sports Exerc 29: 571-
590

10. Zilva, J.F. (1978). Theorigin of the acidosis in hyperlactataemia. Annals of Clinical Biochemistry 15: 40-
43

11. Stryer, L. (1988). Biochemistry (third edition). New York, NY, W.H. Freeman and Company

12. Medbo, J.I., Tabata, I. (1993). Anaerobic energy release in working muscle during 30 sto 3 min of
exhausting bicycling. J Appl Physiol 75(4): 1654-1660

13. Spriet, L.L., Sunderland, K., Bergstrom, M., Hultman, E. (1987). Anaerobic energy release in skeletal
muscle during electrical stimulation in men. J Appl Physiol 62(2): 611-615.

14. Spriet, L.L., Sunderland, K., Bergstrom, M., Hultman, E. (1987). Skeletal muscle glycogenolysis,
glycolysis, and pH during electrical stimulation in men. J Appl Physiol 62(2): 616-621

15. Spriet, L.L. (1990). Anaerobic meatabolism in human skeletal muscle during short-term, intense activity.
Can J Physiol Pharmacol 70: 157-165

16. Lucia, A., Sanchez, O., Carvagal, A., Chicharro, J.L. (1999) Analysis of the aerobic-anaerobic transition in
elite cyclists during incremental exercise with the use of electromyography. Br J Sports Med. 33(3): 178-85

Copyright ©1997-2001 American Society of Exercise Physiologists. All Rights Reserved.




	Professionalization of Exercise Physiologyonline
	An international electronic journal
	for exercise physiologists
	ISSN 1099-5862
	Vol 4 No 11 November 2001
	Recommendations and Resources For Teaching Metabolic Acidosis To The Undergraduate Student In Exercise Physiology
	Introduction
	During the last two years it has become obvious to me that the textbook content we use to teach the cause of metabolic acidosis in exercise physiology is incorrect.  This realization led to the content of presentations that myself or my Ph.D. students ha
	LDH Reaction



